continuity in a head-to-tail sequence after amputation still remains unknown. We use as a model planarian Dugesia japonica head regeneration from tail fragments, which involves dynamic rearrangement of the body regionality of preexisting tail tissues along the AP axis, and show here that RNA interference of the gene D. japonica mek kinase 1 (Djmekk1) caused a significant anterior shift in the position of pharynx regeneration at the expense of the prepharyngeal region, while keeping the head region relatively constant in size, and accordingly led to development of a relatively longer tail region. Our data suggest that DjMEKK1 regulates anterior extracellular signalregulated kinase (ERK) and posterior β-catenin signaling pathways in a positive and negative manner, respectively, to establish a proper balance resulting in the regeneration of planarian's scale-invariant trunk-to-tail patterns across individuals.
Furthermore, we demonstrated that DjMEKK1 negatively modulates planarian β-catenin activity via its serine/threonine kinase domain, but not its PHD/RING finger domain, by testing secondary axis formation in Xenopus embryos. The data suggest that Djmekk1 plays an instructive role in the coordination between the establishment of the prepharyngeal region and posteriorizing of pharynx formation by balancing the two opposing morphogenetic signals along the AP axis during planarian regeneration.
K E Y W O R D S
MAPK, MEKK1, organ positioning, planarian, β-catenin How can regenerative animals achieve the robust reconstruction of their original body patterns by integrating newly regenerating tissues into pre-existing old ones after injury? Planarians have a long history of attracting many biologists as an experimental animal for answering this question (Morgan, 1905) .
The freshwater planarian Dugesia japonica exhibits traits of cephalization, having a brain and sensory organs concentrated at the anterior end of the body (Agata & Umesono, 2008; . However, its feeding organs (mouth and pharynx) are positioned in the middle portion of the body at a considerable distance from the anterior head, in opposition to the evolutionary trend of cephalization ( Figure 1a ). This unique body pattern enables us to subdivide the D. japonica body into at least four distinct body regions arranged in an anterior to posterior sequence: head (H), prepharyngeal (Pr), pharyngeal (Ph), and tail (T) regions (Figure 1b , Figure S1 ). The de novo establishment of the D. japonica AP pattern occurs during the animal's two distinct types of reproduction: sexual reproduction followed by embryogenesis and asexual reproduction by fission based on its extraordinarily high regenerative ability (Best, Goodman, & Pigon, 1969; Malinowski et al., 2017) . In the asexual reproduction mode, binary fission usually takes place at a position posterior to the pharynx under laboratory culture conditions (Agata et al., 2006; Takeda, Nishimura, & Agata, 2009) , and the tail fragment regenerates an intact individual via activation of pluripotent stem cells (called neoblasts) that are the only somatic proliferative cells in the adult Shibata, Rouhana, & Agata, 2010; Wagner, Wang, & Reddien, 2011) . This process involves dynamic rearrangement of the body regionality by integrating the newly regenerating head, prepharyngeal and pharyngeal tissues with pre-existing tail ones ( Figure 1c ). Therefore, head regeneration from tail fragments provides us a unique opportunity to elucidate the molecular mechanism underlying the tissue dynamics involved in the axial patterning after injury.
Studies using RNA interference (RNAi) led to a major advance by identifying Wnt/β-catenin signaling as a posteriorizing signal in planarians (Adell, Salò, Boutros, & Bartscherer, 2009; Gurley, Rink, & Sánchez Alvarado, 2008; Iglesias, Gomez-Skarmeta, Saló, & Adell, 2008; Petersen & Reddien, 2008 Stückemann et al., 2017; Yazawa, Umesono, Hayashi, Tarui, & Agata, 2009 ). We demonstrated that the mitogen-activated protein kinase (MAPK) extracellular signal-regulated kinase (ERK) signaling acts as an intrinsic signal for the switch of neoblasts from proliferation to differentiation in D. japonica (Tasaki et al., 2011a) . Our subsequent study revealed that the interplay between the anterior ERK and posterior β-catenin signaling pathways establishes a solid framework that accounts for the reconstruction of a complete head-to-tail axis during regeneration (Agata, Tasaki, Nakajima, & Umesono, 2014; Umesono et al., 2013) .
In that study, however, it still remained unknown how these two signals communicate with each other to regenerate the prepharyngeal and pharyngeal regions in the correct order and proportions along the AP axis.
mek kinase 1 (mekk1 or map3k1) encodes an evolutionarily conserved protein that is a member of the MAPK kinase kinase (MAP3K) family, whose function has been well-investigated in vertebrates (Jin et al., 2013; Lange-Carter, Pleiman, Gardner, Blumer, & Johnson, 1993; Xia, Wu, Su, Murray, & Karin, 1998; Yujiri, Sather, Fanger, & Johnson, 1998) . By contrast, the role of MEKK1 still remains unknown in invertebrates (Wenemoser, Lapan, Wilkinson, Bell, & Reddien, 2012) . One of the main reasons for this is that there are no mekk1 orthologs in the genomes of model invertebrate Drosophila melanogaster (d-mekk1 encodes a protein that is closely related to vertebrate MEKK4, but not MEKK1) (Ryabinina, Subbian, & Iordanov, 2006) or Caenorhabditis elegans.
In the present study, we demonstrated that D. japonica mekk1 (Djmekk1) plays an instructive role in the coordination between the establishment of the prepharyngeal region and posteriorizing of pharynx formation by balancing the anterior ERK and posterior β-catenin signals during head regeneration from tail fragments. Thus, our study provides valuable insight into the regeneration of robust axial patterns after injury.
| MATERIAL S AND ME THODS

| Animals
Planarians from a clonal strain of Dugesia japonica derived from the Iruma River in Gifu prefecture, Japan, were used in all the experiments of this study. Planarians were cultured in tap water purified using a TEK513 (TOTO) or autoclaved tap water at 24°C. Chicken liver was fed to the planarians to maintain the strain. Planarians that had been starved for at least 1 week were used in the experiments.
| Molecular cloning of Djmekk1
Djmekk1 was originally identified by performing transcriptome profiling during regeneration (Nishimura et al., 2015) . A full-length cDNA of Djmekk1 was obtained from our D. japonica cDNA library by performing polymerase chain reaction (PCR) using a set of primers for Djmekk1 (Fw: 5′-CATAGTTTGTGGAGAAAGTAGCTCAAG-3′ and Rv: 5′-CGAATGTCTAAACCTGGTATCAATAAA-3′), and cloned into pCR4 Blunt TOPO vector (Thermo Fisher Scientific) and sequenced.
The resultant plasmid was used for synthesis of double-stranded RNA (dsRNA). The sequence data have been submitted to the DDBJ/ EMBL/GenBank databases under accession number BBA10910.
| RNA interference (RNAi) for gene knockdown
RNAi was performed essentially as previously described (Rouhana et al., 2013; Sánchez Alvarado & Newmark, 1999) . EGFP dsRNA or water was used for control experiments. The moderate RNAi conditions consisted of feeding of Djmekk1 dsRNA three times during 1 week before amputation. The strong RNAi conditions consisted of two additional injections of Djmekk1 dsRNA into the gut tube following the feeding RNAi treatment before amputation, which led to a significant anterior shift of pharynx regeneration at high frequency.
For synthesis of dsRNA, the cDNA fragment containing a target F I G U R E 1 Head regeneration from tail fragments involves dynamic rearrangement of the body regionality along the AP axis. (a) Intact planarian Dugesia japonica from the dorsal view (Upper). Three-branched gut and pharynx structures are visualized in green by anti-Djβ-CateninA (DjβCatA) antibody staining (Lower). A brain and a pharynx (asterisk) are well visualized in magenta by Hochest 33342 nuclear staining (Lower). The scale bar is 500 μm. (b) Body structures and gene expression patterns in non-regenerating intact animals. Anteriorposterior regional subdivisions of the planarian body: head (H), prepharyngeal (Pr), pharyngeal (Ph), and tail (T) regions. The head region contains a brain (grey) and sensory organs such as eyes. The three-branched gut structure is shown in green. A pharynx (asterisk), which acts as a protrusive feeding organ, is located in the middle portion of the body at a considerable distance from the anterior head. Strong expression of D. japonica nou-darake (Djndk) marks the head region. D. japonica nou-darake like-2 (Djndl-2) is expressed with a spatial gradient in the anterior region: at a high level in the H region and at progressively lower levels in the Pr region. In addition, strong expression of Djndl-2 marks the pharynx. Conversely, Djsp5 is expressed in the Ph and T regions. gene was amplified by PCR using the following primers to which the cloned sequence containing the T7 promoter was attached at the 5′ end. For Djmekk1 (5′-GATCACTAATACGACTCACTATAGGGACT AAGTAACCCATACAGACCAA-3′ and 5′-GATCACTAATACGACTC ACTATAGGGCAGAAATGCACTGTAATGAGTAA-3′), and for other genes cloned into pBS SK vector (5′-GATCACTAATACGACTCACTA TAGGGCTGCAGAATTCGGCACGAGG-3′ and 5′-GATCACATTAAC CCTCACTAAAGGTTTTCCCAGTCACGACGTTGTAA-3′) were used.
The dsRNA was synthesized from the amplified fragments used as templates using a MEGAscript T7 Transcription Kit (Thermo Fisher Scientific).
| Measurement of position of pharynx formation and head region in tail fragment at Re-3d
Since planarians have a flexible body that easily changes size and shape, we developed and performed a procedure for fixation of samples using relaxant solution (Dawar, 1973 
| Measurement of size of regenerating head and pre-existing tail tissues during head regeneration from tail fragments
Images of the same living tail fragment were obtained on ice at four time points after amputation (Re-0d, Re-1d, Re-2d, Re-3d). Lengths of regenerating head (head blastema recognized as a pigment-less white region) and pre-existing tail tissues (a pigment-rich region) in the same tail fragment were measured along the midline using ImageJ.
| Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed as previously described (Umesono, Watanabe, & Agata, 1997; Umesono et al., 2013) .
HNPP/Fast Red (Roche) was also used for fluorescent detection of the expression of Djndk, DjPN8 and Djndl-2.
| Whole-mount fluorescent immunostaining
Whole-mount fluorescent immunostaining was performed basically as previously described (Umesono et al., 2013) . To increase the permeability of samples, fixed animals were treated with proteinase K solution at 37°C and fixed with PFA solution for 30 min at 4°C immediately after proteinase K treatment, and then treated with hybridization buffer (50% formamide/5× SSC/10 μg/mL yeast tRNA/100 U/ml heparin/0.1% Tween-20/10 mM DTT/10% dextran) overnight at 55°C. The subsequent procedure for the binding of antibody conjugated with a fluorescent dye was performed as previously described (Umesono et al., 2013) . To visualize the brain structure, the samples were stained with anti-cytochrome b 561
antibody (Asada et al., 2002) . Optical sections of the samples in a ventral-to-dorsal sequence were obtained using a confocal laser scanning microscope Leica TCS SP8 (Leica).
| Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis
Total RNA was extracted from the target tissues of regenerating fragments using ISOGEN-LS (Nippon Gene), and cDNA was synthesized from the extracted RNA using a QuantiTect Reverse Transcription Kit 
| Phylogenetic analysis
The amino acid sequences of the serine/threonine kinase domain of the MAP3K family members from various animals were aligned using the ClustalW program, and the alignment was checked manually. A phylogenetic tree was reconstructed from the alignment using the Neighbor Joining method with the JTT model included in Molecular Evolutionary Genetics Analysis Version 6.0 (MEGA6) software (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013) . The accuracy of each branch was evaluated using the confidence value, which was computed with 1,000 bootstrap replicates.
| Xenopus experiments
The full-length cDNA corresponding to the coding region of (5′-ATATGAAAAACATTTAACATCATAAAAATC-3′ and 5′-AAAT GTTTTTCATATCCAGATCTGTATTCA-3′). The mRNAs were synthesized using an mMessage mMachine SP6 kit (Thermo Fisher Scientific). Xenopus laevis embryos were obtained by in vitro fertilization and injected with the mRNAs into a blastomere near the vegetal pole at the four-cell stage of the embryos. These mRNAinjected embryos were cultured at 18°C.
| RE SULTS
| Head regeneration from tail fragments involves dynamic rearrangement of the AP body regionality
To monitor the early process in the reconstruction of the AP patterns during head regeneration from tail fragments, we used two anterior marker genes (nou-darake: Djndk and ndk like-2: Djndl-2) and a posterior marker gene (Djsp5) to visualize the regenerating head or anterior body region or posterior body region, and the regenerating pharynx (Cebrià et al., 2002; Reuter et al., 2015; Hattori, Miyamoto, Hosoda, & Umesono, 2018 ; Figure 1b and Figure S1 ). Before starting head regeneration, tail fragments showed uniform expression of Djsp5 and no Djndk or Djndl-2 expression (Figure 1c) . At 1 day of regeneration, anterior-facing wounds formed a head blastema that consisted of a mass of differentiating neoblast progeny (Tasaki, Shibata, Sakurai, Agata, & Umesono, 2011b; Tasaki et al., 2011a) , where strong expression of Djndk and Djndl-2 was detected, whereas the expression of Djsp5 in the pre-existing tail tissues was shifted posteriorly for the future establishment of the prepharyngeal and pharyngeal regions (Figure 1c ). At 2 days of regeneration, the head blastema became larger in size and a lower level of Djndl-2 expression was detected in the presumptive prepharyngeal region (Figure 1c) . At 3 days of regeneration, the reconstruction of the gross AP patterns, including a pharynx primordium, could first be seen (Figure 1c ). We found that the newly regenerating head (i.e., head blastema) made only a contribution to an increase in the AP length of regenerates (Figure 1d -e, Figure S2 ). 
| Djmekk1 RNAi results in a regional gap in head-regenerated tail fragments
In an attempt to search for novel factors involved in the early stage of head regeneration from tail fragments by performing transcriptome profiling (Nishimura et al., 2015) , we identified Djmekk1 as one of the genes that were expressed more highly in the regeneratinghead tissue than in the regenerating-tail tissue at 1 day of regeneration. Whole-mount in situ hybridization revealed that Djmekk1 was expressed throughout the body, including in undifferentiated neoblasts, in intact animals ( Figure S3 ). During regeneration, Djmekk1 was expressed with a high level in the regenerating head and regenerating pharynx ( Figure S3 ).
We found that RNA interference (RNAi) of Djmekk1 induced interesting phenotypes during head regeneration from tail fragments Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis revealed that Djmekk1 RNAi allowed normal expression levels of neoblast-specific marker genes DjpiwiA (Shibata et al., 2016) and proliferating cell nuclear antigen (Djpcna) (Orii, Sakurai, & Watanabe, 2005) , and also of the head-specific marker genes Djndk and DjotxB (Umesono, Watanabe, & Agata, 1999) (Figure 2d ).
Furthermore, we confirmed that there was no significant difference of the growth rate along the AP axis between control and Djmekk1(RNAi) tail fragments at 3 days of regeneration (Figure 2e , Figure S5A ). (Figure 2g ). By contrast, the head region in these RNAi-treated animals still appeared normal in morphology and also in size ( Figure S5B ).
In conclusion, Djmekk1 RNAi resulted in abnormal patterning along the AP axis, a phenotype reminiscent of mutation of "gap" genes in Drosophila embryos (Nüsslein-Volhard & Wieschaus, 1980) .
In contrast, we found no obvious anterior shift of pharynx regeneration in Djmekk1(RNAi) animals during tail regeneration from head fragments (data not shown), suggesting that Djmekk1 may function in a context-dependent manner.
| Djmekk1 RNAi affected the anterior ERK signaling
We reported that treatment with the chemical MEK inhibitor U0126
and also RNAi of a D. japonica mek-related gene (named DjmekA), both of which block the activation of ERK in D. japonica, resulted in the same prepharyngeal gut defect as Djmekk1 RNAi did (Hosoda et al., 2016; Tasaki et al., 2011a; Umesono et al., 2013) , suggesting that Djmekk1
RNAi may affect ERK signaling. To assess this, we used the gene Taken together, these data suggest that DjMEKK1 negatively modulates the posterior β-catenin signaling in a manner independent of MEK/ERK signaling.
| DjMEKK1 down-modulates β-catenin activity via its serine/threonine kinase domain
The putative protein structure of DjMEKK1 contains two distinct functional domains that are closely related to those of vertebrate MEKK1 (Figure 5a , Figure S8 ). One is a PHD/RING finger domain (corresponding to amino acids 89-136) that acts as a putative E3 ligase to mark other proteins for undergoing degradation via ubiquitination (Coscoy & Ganem, 2003; Lu, Xu, Joazeiro, Cobb, & Hunter, 2002) . The other is a serine/threonine kinase domain (corresponding to amino acids 744-1,012) that promotes the activation of canonical MAPK signaling via phosphorylation (Lange-Carter et al., 1993; Yujiri et al., 1998) . Because it is not yet possible to perform gain-offunction analyses in planarians, we used Xenopus laevis embryos as an assay system to obtain additional solid evidence for the role of DjMEKK1 in the negative regulation of β-catenin signaling (Cebrià et al., 2002) .
Injection of synthetic Djβ-catB mRNA into a ventral blastomere of Xenopus laevis at the four-cell stage caused formation of a secondary axis (Figure 5b,c) , as did injection of the mRNA of Xenopus laevis β-catenin (Xlβ-cat) (Funayama, Fagotto, McCrea, & Gumbiner, 1995; Ishitani et al., 1999) . Under this condition, simultaneous injection of Djmekk1 mRNA significantly suppressed the secondary axis formation induced by Djβ-catB mRNA without affecting the embryonic development (Figure 5c,d ). By contrast, there was no inhibitory action of DjmekA mRNA against β-catenin signaling in the secondary axis assay, as we expected (Figure 5d ). Interestingly, this assay also revealed that DjMEKK1 failed to suppress the exogenous Xenopus β-catenin action (Figure 5d ). Furthermore, injection
of Djmekk1 mRNA into a dorsal blastomere at the four-cell stage allowed normal embryonic development (100% of animals; n = 39; data not shown), demonstrating that DjMEKK1 did not perturb the endogenous Xenopus β-catenin action. These observations suggest that the planarian β-catenin itself (rather than endogenously active components involved in the canonical Wnt pathway, such as T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factors (Ishitani et al., 1999) ) may be a potential target for inhibitory action by DjMEKK1.
Next, we assessed which domain(s) of DjMEKK1 were required for the negative regulation of the Djβ-catB activity in Xenopus embryos. For this, we constructed two types of Djmekk1 mRNA 
| D ISCUSS I ON
We demonstrated that Djmekk1 plays an instructive role in the coordination between the establishment of the prepharyngeal region and fragments. In this context, we found that MEKK1 negatively modulates the canonical Wnt signaling, a pathway known for its evolutionarily ancient role in axial patterning in the Metazoa (Wikramanayake et al., 2003) , via its serine/threonine kinase domain. In mice eyelid morphogenesis, it was reported that MAP3K1 (MEKK1) attenuates the canonical Wnt signaling dependently of its kinase activity (Jin et al., 2013) . However, the question of how MEKK1 negatively modulates the canonical Wnt signaling still remains open. Notably, our study suggests that β-catenin itself may be a potential target for inhibitory action by MEKK1 in planarians. One simple idea is that MEKK1 may phosphorylate β-catenin directly, thereby making it a target for degradation similarly to the action of a serine/threonine protein kinase, glycogen synthase kinase-3 (GSK3), one of the key components of the β-catenin destruction complex (Fagotto, 2013) .
Another possibility is that MEKK1 contains a putative nuclear localization signal within its kinase domain (Chipps et al., 2015) and may physically interact with the β-catenin/TCF transcriptional complex to inhibit the accessibility to its target DNA sequence in the nucleus.
Further studies will be needed to assess these possibilities.
In vertebrates, MEKK1 phosphorylates MAP2K (MKK or MEK) family proteins and is required for cell survival and migration via activation of the MAPKs, c-Jun N-terminal kinase (JNK) and ERK (LangeCarter et al., 1993; Yujiri et al., 1998) . In D. japonica, pharmacological inhibition of JNK signaling blocked the entry of neoblasts into Mphase of the cell cycle during regeneration and homeostasis (Tasaki et al., 2011b) , resulting in a decrease in the number of neoblasts.
However, qRT-PCR analyses revealed that Djmekk1 RNAi did not influence the population of neoblasts during regeneration (Figure 2d ).
We have thus far not found a potential active link between MEKK1
and JNK signaling in D. japonica. By contrast, our data suggest that DjMEKK1 may play a role in the activation of the anterior ERK independently of its action against the posterior β-catenin signaling (since the posterior β-catenin signaling negatively modulates the anterior ERK signaling; Umesono et al., 2013) . This idea comes from the two lines of evidence that we obtained in this study: (a) Djmekk1
RNAi caused a prepharyngeal gut defect that can occur uncoupled to an anterior shift of pharynx regeneration that involves an increase of the posterior β-catenin activity level, and (b) simultaneous RNAi of DjmkpA, but not of Djβ-catB, could rescue the Djmekk1 RNAiinduced prepharyngeal gut defect. However, we do not know yet Non-regenerating intact planarians have the ability to maintain their robust AP patterns by undergoing continuous turnover of all cell types during growth and degrowth depending on their feeding conditions (Rink, 2013) . Recent studies strongly suggest that patterning signals play instructive roles in defining the planarian body plan not only during regeneration but also during tissue homeostasis (Gurley et al., 2008; Stückemann et al., 2017) . We demonstrated that Djmekk1 RNAi resulted in abnormal patterning along the AP axis. If Djmekk1 is also required for tissue homeostasis in intact planarians, the prepharyngeal region should be re-established in close association with posteriorizing of pharynx formation after the effects of Djmekk1 RNAi are diminished. However, Djmekk1 (RNAi) animals have maintained their abnormal AP patterns for at least a month (data not shown), and thus further continued observation will be required to address this issue.
Our quantitative approach revealed that D. japonica tail fragments with quite different AP lengths regenerated scale-invariant AP patterns via dynamic rearrangement of the body regionality along the AP axis (Figure 2a-c, Figure S4 ). In this system, identification and testing of Djmekk1 led to a clear demonstration that the robust scaling of the head region operates independently of the scaling of the other body regions (i.e., prepharyngeal, pharyngeal and tail).
Our previous study suggested that signals derived from the head region promote pharynx regeneration during head regeneration from tail fragments by activating the anterior ERK signaling (Umesono et al., 2013) . This raises the possibility that a regenerating head may sense the whole body length along the AP axis and scale not only itself but also the rest of the body regions via proper activation of DjMEKK1, resulting in the regeneration of a whole individual with the robust AP patterns. Therefore, we propose that D. japonica head regeneration from tail fragments is an experimental model that provides a new window for studying the molecular basis of the scaling of body patterns according to an animal's size. It will be exciting to search for molecules that act as a ruler for scaling during planarian regeneration.
ACK N OWLED G M ENTS
We thank Dr. Shigeo Hayashi, Dr. Labib Rouhana and Dr. Masataka
Nikaido for helpful discussions and comments. We also thank Dr.
Elizabeth Nakajima for critical reading of the manuscript, Dr. Norito 
